Porphine is the parent compound of a family of biologically and chemically relevant compounds called porphyrins. The potential of these compounds is enormous and it would be advantageous to use the porphine (porphyrin) unit as a building block for the synthesis of diverse porphyrin complexes with a wide range of applications. However, despite first being synthesised over seventy years ago, porphine has not been utilized to its full extent due to low yield syntheses and poor solubility. Recent advances have now overcome many of these problems. The purpose of this review is to illustrate the advances made in porphine chemistry to illustrate the inherent potential of this simple compound.
INTRODUCTION
Porphyrin chemistry is an ever expanding area of interest in the world of organic chemistry. Considerable progress has been made in synthesizing complex porphyrin molecules with a range of applications ranging from medicinal applications in photodynamic therapy to sensor and biosensors, to catalysis, to pigments and biomimetic models of enzymes. Porphyrins are found in nature and are involved in and play a major role in a wide variety of functions: oxygen transfer, electron transfer, oxidation catalysts and photosynthesis [1] . They are more well known for being essential components as hemes in hemoproteins in blood and chlorophylls in photosynthesis, both of which are involved in many biological processes including energy transfer and food production for the latter.
Although there have been many advances in the synthesis of substituted porphyrins and porphyrin oligomers in recent years, the synthesis of the parent porphyrin 1, otherwise known as porphine (H 2 P), still troubles organic chemists. Porphine is the simplest porphyrin and represents the core macrocycle of naturally occurring and synthetic porphyrins. Low yields and expense, however, make the synthesis of porphine on a large scale impractical. Another challenge synthetic chemist's faced was the high insolubility of porphine. The apolar tetrapyrrolic ring structure of porphine means it is poorly soluble in most organic solvents and hardly water soluble [2] . As a result of this almost all current chemical studies with porphyrins use the better soluble meso tetrasubstituted 2 or β-octasubstituted porphyrins
3.
However, new methods for synthesis of porphine have been developed recently and are under development [3] . This somewhat neglected compound should be an attractive target for chemists as its eight β-pyrrole and four meso positions, both with different reactivity profiles, offer the possibility to further elaborate porphyrins. undergo reactions at the meso position [17, 18, 26] . Thus, dealkylation of 10 is feasible at lower temperature due to its non-planarity. This rationale can be confirmed with thermogravimetric analyses [23, 27] . Such dealkylations are just one example of electrophilic aromatic substitution of porphyrins which are discussed below. Neya et al. followed up their elegant work by investigating the synthesis of porphine from 5,10,15,20-tetrakis(hexyloxycarbonyl)porphyrin 12 [28] . This precursor porphyrin was synthesized from pyrrole and alkyl glyoxylate ester with yields >6% under standard Lindsey conditions. Thermal decarboxylation of the hydrolyzed porphyrin proceeded smoothly. Ester hydrolysis and subsequent decarboxylation can be carried out in a one-pot procedure, using hot aqueous sulfuric acid (Scheme 4). A blue shift in the absorbance indicated the formation of porphine, which was then confirmed by further analytical studies. Yields for this method are comparable with or better than previous methods and the crystalline porphyrin was obtained in 77 % yield.
It is worth noting that dealkylation is also an effective method for the synthesis of N-confused porphine [29] .
Through a '3+1' coupling of N-confused N-tert-butyl-tripyrrane and 7, N-protected NC-porphine was isolated.
Removal of the N-tert-butyl group was carried out as described above for the dealkylation of β-tert-butylporphyrins with a reasonable yield of 55%. N-confused porphine is planar and interestingly, the molecular structure, mode of packing and cell parameters are all very similar to that of porphine, in spite of the confused structure [29] Similarly to pophine, the solubility of N-confused porphine is also low once it solidifies making it difficult to work with on a practical level.
REACTIVITY S E Ar
Porphine readily undergoes electrophilic aromatic substitution and this is one of the most useful methods for functionalizing porphyrins. The first such investigation was reported in 1968 by Samuels et al. who studied the bromination, chlorination, and iodination of porphine [30] . It was found that direct chlorination of porphine resulted in low yields. However, reaction with bromine or N-bromosuccinimde (NBS) in chloroform yielded a mono-brominated compound and a β-substituted product with no liberation of free bromine. Bromo groups were also found to activate the opposite meso position of the porphine. The regioselectivity of these reactions can be explained in terms of FleischerWebb model for porphyrin aromaticity [31] . However, it was noted that if the brominating agent used was too strong, e.g., DBICA (dibromoisocyanurate) the yield of brominated product was very low. Using molecular bromine, no selectivity was observed. For bromination of 5-nitroporphyrin it was expected that the nitro group would direct the bromine group to the 10 position. This was not the case as the only compound isolated was the 5,15-derivative; this is in line with the expectation that poorer selectivity is observed for stronger brominating agents [32] .
Bromoporphyrins (13, 14) can deactivate the aromatic ring system inductively and activate the macrocycle by resonance. When the bromo group is in the 2 position of 1 (14) , it causes an inductive deactivation of the ring. Porphine was found to be unaffected by iodine in chloroform and was destroyed by iodine-potassium iodate-sulphuric acid. Only use of iodine-silver sulphate-sulphuric acid resulted in the formation of monoiodoporphine. Halogenations of porphine are examples of true electrophilic substitution reactions with initial π-complex formation, collapse to a σ-complex followed by the loss of a proton to restore the aromaticity [33, 34] .
Nitration of porphine was first reported in 1974 by Drach and Longo [33] . It was found that by using stoichiometric amounts of nitric acid at 0 °C, the mono-nitro derivative 15 was formed. The absence of the formation of β-nitromaleimide confirmed that the porphine was not substituted in the β position. If substitution had taken place in the β position up to 25% β-nitro-maleimide would be formed due to degration of the macrocycle. The directing effect of the nitro group of the porphine was determined by nitrating mononitroporphine. A bathochromic shift was observed and further NMR analysis revealed that the sole compound isolated from this reaction was the meso disubstituted compound 16.
In 1973, Fuhrhop et al. carried out a study into the redox behavior of octaethylporphyrin (OEP) and used these data to predict and rationalize the reactivity of the porphyrin macrocycle [35] . It was deduced that porphyrin rings which have a relatively negative charge should undergo oxidation and other electrophilic substitution or addition reactions.
Thus, it was concluded that an electropositive ring can be reduced and it should undergo nucleophilic additions and substitutions, e.g. photooxygenation of a porphyrin ring is only possible with the dianion, the magnesium or calcium complexes [36] Magnesium and zinc complexes are hydrolyzed easily under the conditions required for electrophilic substitution [35] The next most reactive metals towards electrophilic substitution are nickel and copper, in particular, they are very reactive towards Vilsmeier formylation which leads exclusively to the meso substituted product, e.g. compound 17 [37] [38] [39] [40] Reagents such as NO 2 + , H 2 O 2 and Br 2 are such strong oxidizing agents that very little metal specificity was observed, however, tin complexes were found to be the most stable in the presence of Br 2 [41] .
S N Ar reactions
Nucleophilic substitution of porphyrins is a useful tool for the synthesis of various porphyrins [42] . Initially, such reactions were more limited to activated porphyrins. However, it was shown that use of organometallic reagents can be used to overcome these limitations [43] and this method proved to be a versatile entry into functionalized porphyrins 
REDOX CHEMISTRY
Redox reactions catalyzed by porphyrins are of great interest in a variety of fields, ranging from biology and photosynthesis to electrocatalysis [56] [57] [58] [59] [60] . Redox reactions are relevant in the biochemistry of heme proteins and in artificial catalytic systems. One of the striking features of metalloporphyrins in general is their ability to undergo facile reduction and oxidation. Numerous studies have shown that small structural differences in metalloporphyrins allow fine tuning of their activity and selectivity. Using various transition metals in different oxidation states as the central atom of porphine could modify the catalytic performance of metalloporphines [61] . The basic redox chemistry of porphyrin and related compounds has been reviewed before [62, 63] .
One early investigation into the gas-phase synthesis of metalloporphine ions found that many metal ions, both bare and ligated, react with porphine vapor to produce the corresponding metalloporphine cations and anions in good yield [64] Fe + was generated by excimer laser (380nm) ablation of an iron disk and reacted with porphine to generate Fe (P) + and hydrogen. Exothermic charge transfer from Fe + to porphine was found to generate H 2 P + also. For metalloporphine anions a different approach was required because no atomic anions are generally obtained from laser ablation of metals.
Dissociative electron attachment to metal compounds often yields reactive ligated anions, e.g., electron attachment to porphine yielding Ni(P) -. Further attempts were made to oxidize Fe(P) + to produce Fe(P)O + as a gas phase model for reactive centers of enzymes, but were unsuccessful. The closest they got to the desired compound which could be isolated was Fe(P)OH + which was formed as a minor product in the slow reaction between Fe(P) + and tert-butyl hydroperoxide.
In nature, oxygen reduction takes place at soft interfaces such as biomembranes that provide both a physical separation of the reactants and products, and an electrochemical driving force resulting from the membrane electrical potential difference. The polarization of the soft interface also allows an electrochemical control for different charge transfer reactions such as ion transfer, assisted ion transfer and heterogeneous electron transfer reactions between a hydrophilic and lipophilic redox couple. In classic molecular electrocatalysis, porphyrin catalysts are usually deposited on solid electrodes and their catalytic activity is observed as a shift of the reduction potential to higher electrode potential values. One example is cobalt porphine (CoP) which has been shown to catalyze a four electron reduction of O 2 and H 2 O when being adsorbed on graphite electrodes, and to catalyze mainly a two-electron reduction of O 2 to yield hydrogen peroxide when being deposited onto gold electrodes. Both of these processes are proton-coupled electron transfer reactions, where proton transfer and electron transfer are tightly coupled [58] Another publication showed that the redox properties of metalloporphines can be modulated by ring substitution. For example, if porphine is substituted with -NO 2 an increase in the energy needed to oxidize the metalloporphyrin was observed. The opposite was the case for -Br and -OCH 3 substitution. Here the electron acceptor substitution produces a metal centre less prone to lose electrons, stabilizing the reduced form, while substitution of porphine with an electron donor produces metalloporphyrins with a more stable oxidized form [59] Clearly, strong modification in the redox properties of metalloporphyrins can be achieved by substituting the macrocycle with appropriate groups. For Fe porphine a higher binding capability was observed than for substituted porphyrins. It was suggested that this was due to back donation effects. These results were confirmed in theoretical studies on iron and manganese porphines. Here, it was noted that the change of the oxidation state of the central atom can influence the geometry and electronic structure of the molecule, and particularly its oxygen-binding properties [64] .
STRUCTURAL CHEMISTRY
The first crystal structure of porphine was reported by Webb and Fleischer [31, 65] . The molecular structure in the crystal was characterized by an almost planar macrocycle and the C α -C b bonds were found to be equal. Although the structure was disordered, intermolecular differences in pyrrole rings were found to be small. There was no evidence that the observed planarity of porphine was apparent and achieved by random distribution of nonplanar molecules in the crystal.
Upon examination, a parallel overlapping of the molecule at the graphite layer separation was seen in pairs.
Although similar to that of phthalocyanine, at that time, the packing for porphine was considered relatively rare for compounds of the same dimensions. Hence despite being so closely packed, porphine exhibits no close inter-molecular contact. Initially, the effects of any one of the three factors which influence the equilibrium configuration of the molecule could not be examined alone in an experimental situation; the σ bonding, π bonding and packing forces. It was also speculated that the vibrational force normal to the plane may cause deviations from planarity but ruffling can be attributed to crystal-packing forces in addition to the σ bonding effects.
A number of theories were proposed regarding the planarity of the macrocycle as a result of this study. The first of these is that a ruffled configuration of the porphine skeleton in the 'free unconstrained' porphine macrocycle is stable at low temperatures. It was proposed that although the porphine macrocycle may appear planar due to the packing forces, ruffling is in fact favored by the presence of σ-bonding in porphine as well as the π bonding. This relationship between σ bonding and ruffling is a result of the angular strain in the σ bonds that can not be minimised in the planar porphine conformation. These angular strains can also contribute to the deformation of the porphine skeleton enabling porphine to be adaptable in a variety of biological environments. Another theory stated that the porphine skeleton in the free unconstrained molecule is planar and deviations from planarity are caused by crystal-packing forces, i.e. close contact with neighboring molecules.
The next study on the crystal structure of porphine was carried out by Chen and Tulinsky in 1971 [66] . The molecule was determined to have a planar macrocycle and it was concluded that the previous structural report discussed above had discrepancies. It was suggested that the inclusion of a metal impurity into the structure factor calculations resulted in a decrease of the conventional R factor of about 0.09 but concluded that their work was approximately correct. Later
Gross et al. reported another structure of a crystal obtained during an attempted synthesis of corrole [67] They found that the inner hydrogen atoms were localized on two particular pyrrole nitrogen atoms at room temperature, as opposed to disordered location on all four nitrogen atoms in the earlier studies. The crystal structure is characterized by the formation of overlapping pairs, which are arranged in a herringbone manner in three-dimensional space; clearly the result of intermolecular π-π interactions (Fig. 1 ).
Scheidt and coworkers reported the structure of (porphyrinato)nickel(II) which turned out to be quite surprising [68] Typically for substituted Ni porphyrins a ruffled nonplanar conformation is expected as a result of the Ni-N bond shortening [69] [70] [71] . Here, the crystal structure of the parent nickel(II) porphyrin exhibited a planar porphyrin macrocycle with a π−π packing arrangement and a small lateral shift [68] . The average deviation of the macrocycle atoms from their least-squares-plane (Δ24) was only 0.02 Å and only very minor ruffling contributions were observed.
Resonance Raman spectroscopy confirmed that the planar conformation is preferred both in the solid state and in solution.
Other reported crystal structures include an essentially planar (dimethoxy)(porphinato)germanium(IV) [72] and a highly disordered dimeric free base porphyrin assembly in coordination cages [73] Recent studies have shown that the aromaticity of the two protonated pyrrole rings which is higher than that of the pyrrole rings without an inner hydrogen [74, 75] . Deprotonation of H 2 P leads to the dianion P 2- , in which the charge is distributed over the whole molecule in D 4 symmetry. The aromaticity of the pyrrolic rings is reduced upon removal of the NH hydrogen atoms; however, the aromaticity of the inner ring remains the same (Figure 2 ). For both P 2-and H 2 P, Hückel's rule for aromaticity (4n+2) is obeyed with 18 contributing π electrons for both species. To obtain the neutral deprotonated porphine (Por), the removal of two electrons causes localization of the π electrons resulting in a change of symmetry to D 2h , thus, Por cannot be considered an aromatic species. Por is consistent with the (4n) rule of antiaromaticity and P 2-obeys rules of aromaticity [76] . The diatropic ring current of P 2-and paratropic ring current of Por was reported by Steiner and co workers [77] .
A density functional theory study on the chemical bonding and aromaticity of metalloporphines using first row (ScZn) and second row (Ru, Pd, Ag, Cd) transition metals as well as alkaline-earth metals (Mg, Ca) was reported [76] For all cases the orbitals and densities were initially described by C 2v symmetry, which ended up as D 4 symmetry after optimisation. For Ca, Cr, Ni, and Sc the most stable configuration was found with the metal ion displaced from the porphine plane (C 4 symmetry). For Cr and Ni, this displacement distortion has no effect because it occurs at the triplet state which is less stable than the corresponding ground state. The ground spin state of transition metal complexes can be explained in terms of Hund's rule of maximum multiplicity and metal-ligand interactions. Explorative data analysis (EDA) has been used to study the metal-ligand interactions in terms of the heterolytic association reaction between the cationic metals and the anionic porphine ligand. It was confirmed that the interaction between the metal and porphine is electrostatic in nature. Pauli repulsion interactions were also observed in all cases except for MgP. In most cases, the orbital interactions are large enough to overcome the Pauli repulsion, thus contributing in a positive nature to the M-P interactions. The exceptions to this are CaP and MgP for which the covalent orbital interactions are much reduced. For
CaP, the metal ligand interaction is purely electrostatic, which is not the case for MgP as the small covalent orbital interactions are substantially larger than Pauli repulsion. It was concluded from these findings that for all MP's (except CaP), the covalent interactions are one of the most important factors regarding the stability of the complex. The fact that CaP only possess electrostatic interactions may be an explanation as to this is the only complex in which the metal is found so far away from the porphine plane with the longest M-N bond lengths [76] .
As previously discussed the outer ring of P 2-is less aromatic due to the localization of the electrons in the C-C bonds. However, aromaticity increases significantly upon metal complexation due to polarization of the π cloud and charge transfer. The polarization of the π cloud is caused by the divalent positive charge of the metal that moves the more polarisable π-electrons near to the N atoms. The aromaticity of the complexes is actually quite close to that of H 2 P.
SPECTROSCOPIC AND PHYSICAL PROPERTIES
The spectra of all porphine complexes are dominated by the π-π* transitions. There is a relatively weak band (Q) in the visible, often with broad vibrational structure, and an intense Soret band in the near UV. These bands have most successfully described by Gouterman's four-orbital model [78] that mixes configurations generated from a 1u (π) → e g (π*) and a 2u (π) → e g (π*) frontier orbitals. These two excited configurations are of E u symmetry and are predicted to have nearly equal intensity. However, they will strongly interact resulting in a weaker Q band and strong Soret band.
The two triplets from these two excitations do not mix directly with each other and are believed to lie below the Q band energy. There are two other triplets which are generated from the excitations out of the orbitals b 2u (π) and a 2u (π) symmetry into the LUMO e g (π*). The higher of these triplets was calculated to be nearly degenerate with the Soret band energy and detailed calculations and comparisons with the various theories have been reported for Fe(II)
porphyrins [79] .
Calculations of the vibrational frequencies and normal modes in the low lying iron spin states of (porphyrinato) iron showed that there are only five modes carrying large amplitude motions of the iron atom. Three of these are out-ofplane modes of a2 u symmetry, of which the mode of the lowest frequency (γ 9 ) is the doming motion of the complex. Detailed fluorescence and optical studies on various metallo porphines were reported by Bohandy and coworkers in the late seventies [83] [84] [85] . Further investigations of the phosphorescence on PdP in a matrix were carried out by A.
Starukhin and co-workers [86, 87] . They traced two PdP macrocycle conformations in the fine structure phosphorescence spectra in a large number of Shpol'skii matrices at liquid helium temperature. It was shown that the short-wavelength (planar conformation) and long-wavelength (distorted conformation) could be stabilized by choosing the appropriate matrix. Thus it was concluded that the matrix can influence the conformation of the macrocycle [88] .
OUTLOOK AND APPLICATIONS
Porphyrins have many applications some of which include chemistry, medicine and biomimetic synthesis. In chemistry, the applications include light conversion, autoxidation catalysis, sensors, nonlinear optical materials and light emitting diodes. In medicine, they can be used for cytochrome oxidase models, phototoxicity, tumor therapy and virus eradication. In principle, porphines can be used in all of these areas and their improved synthesis has opened the doors for the potential synthesis of more complex systems with porphine building blocks. Theoretical studies have targeted the interaction of porphine and its metal complexes with fullerenes. C60 covalently or noncovalently bound to porphine may be used in light harvesting photosynthetic systems, data storage media, photovoltaic and electrochemical devices, and gas sensors [89] . Likewise the nanoworld has discovered porphine and metalloporphines, a first study investigated their surface structures. For Ni(II) porphine a well-ordered molecular layer in which the porphine molecules have a flat orientation with the molecular plane lying parallel to the substrate and forming a hexagonal overlayer on the surface was observed [90] . A related study using Ag(111) surfaces at room temperature showed that Ni(II) porphine grows defined nanolines on the surface indicating the potential of using these systems for nanostructured materials [91] . The true potential of porphines and their metal complexes is just emerging and hopefully the advances made in their synthesis will now spawn advances in their characterization and applications. [66] . Inner ring, outer ring and pyrrole patterns [74] .
